Abstract: Based on the centennial-scale observations and re-analyses, this paper employs the ensemble empirical mode decomposition to separate the internal multidecadal variability (IMV) from the externally-forced variability of sea surface temperature (SST), and then defines new indices that represent the IMV of SST in the North Pacific (NPIMV) and South Pacific (SPIMV), respectively. The spatial structure of NPIMV/SPIMV shows remarkably positive SST anomaly only in the index-defined region; meanwhile, the temporal evolutions of NPIMV and SPIMV are uncorrelated, indicating their independence of each other. Both NPIMV and SPIMV play a critical role in the near-surface air temperature and rainfall over land in the Northern hemisphere, especially in the season when their intensity is the strongest. It is through teleconnection wave trains that NPIMV and SPIMV exert influences on remote regions. Results from another two rainfall datasets are found to be consistent in the majority of the Northern hemisphere in response to NPIMV/SPIMV, yet disagreement exists in certain regions due to large uncertainties of rainfall datasets.
Introduction
The multidecadal variability (MV) of the sea surface temperature (SST) in the Pacific and its climate impact have been of great interest in climate research in recent decades. Previous studies have defined various indices to represent the MV in the Pacific, of which the Pacific decadal oscillation (PDO) and the interdecadal Pacific oscillation (IPO) are the most widely used. PDO is defined as the leading empirical orthogonal function (EOF) of SST poleward of 20 • N in the North Pacific after removing the global mean SST, with the positive phase of PDO corresponding to negative SST anomaly (SSTA) in the mid-latitude North Pacific and positive SSTA along the Western coast of North America [1, 2] . IPO is defined as the second EOF mode of SST in global oceans and has a tri-pole distribution in the Pacific. The positive phase of IPO corresponds to negative SSTA in the mid-latitude North and South Pacific and positive SSTA in the central and Eastern tropical Pacific [3, 4] . Some studies viewed PDO as a component of IPO in the North Pacific and considered it as the driving mechanism for the variation of IPO [5] . Based on the tri-pole pattern of IPO, Henley et al. defined a tri-pole Pacific index (TPI) as the residual of the area-averaged SST over the central and Eastern equatorial Pacific after removing the area-averaged SSTs over the Northwest and Southwest Pacific [6] . They showed that TPI was quite similar to IPO but was much easier to calculate. Shakun et al. [29] . The monthly atmospheric fields, including 2-meter air temperature, rainfall, geopotential height, and winds, are primarily obtained from European Centre for Medium-range Weather Forecasts (ECMWF) 20th century Re-Analysis (ERA-20C) from 1900 to 2010 [30] , which is an atmospheric reanalysis using a coupled model by assimilating observations of surface pressure and winds. The spatial resolution is 1 • × 1 • latitude by longitude.
Another two sets of centennial-scale rainfall are used as well for comparison. One is the Global Rainfall Climatology Centre (GPCC) monthly rainfall Full Data Product (V7) from 1901 to 2013, based on quality-controlled data from global stations, with a spatial resolution of 1 • × 1 • latitude by longitude [31] . The other is the Time Series (TS) version 3.21 from the Climatic Research Unit (CRU) at the University of East Anglia, based on analysis of global weather stations records. It is for the [32] . We use an identical data length from 1901 to 2010 for all of the above datasets. The annual means and seasonal means are calculated and then climatology is removed.
Estimation of the IMV of SST
As stated in Introduction, the SST variability could be regarded to consist of two components, the externally-forced variability, and the internal variability. Several methods have been proposed previously to separate them, such as linear detrending, subtraction of the global mean, linear inverse model, EOF, ensemble empirical mode decomposition (EEMD), the multi-members ensemble mean, the multi-models ensemble mean, and so on [24, 27, [33] [34] [35] [36] [37] . The internal SST variability derived from each method is not identical with regard to spatial structure and spectrum. Some methods could introduce large biases to the estimated internal variability [27, 28, 37] .
In this study, the EEMD method is applied to estimate the IMV of SST. EEMD is an improved method over the empirical mode decomposition (EMD), which is featured by temporal locality in that the characteristics do not change with adding data. EEMD could solve the problem of instability of EMD by adding different white noise series repeatedly to the original data and decomposing them into empirically-determined intrinsic mode functions (IMFs) and then averaging the ensemble to cancel out the added white noise and to keep the mean IMFs. EEMD could also solve the problem of not-instantaneous amplitude and frequency caused by Hilbert transform in EMD through using the direct quadrature algorithm. In the EMD, the original time series x(t) is decomposed as:
where c j is the jth IMF, r n is residual, and n is the number of IMFs. In the EEMD, different white noise series are introduced to the original data x(t) to make an ensemble of new data:
where x i (t) is the ith new data, w i (t) is the ith realization of noise. The jth IMF is given as:
where
is the kth trial of the jth IMF in the new data, N is the number of trials, and α is the magnitude of the noise. EEMD is able to separate time scales without a priori subjective criterion [35, 36] . As the data length is a hundred and ten years in the present study, they are decomposed by EEMD at each grid point into six IMFs from high frequency to low frequency, the first two IMFs being the interannual component, from the third to the fifth IMFs being the multidecadal component, and the last IMF being the nonlinear trend. The nonlinear trend derived from EEMD is regarded as the externally-forced component in the present study. The internal variability of SST is thus obtained after removing the sixth IMF, and then the IMV of SST is estimated by the 11-year low-pass FIR filter.
The auto-correlation of the IMV is much larger than that of the monthly/seasonal/annual mean SST, and thus the effective degrees of freedom (EDOF) are greatly reduced for IMV. The t-test is used to determine the statistical significance of the regression coefficients, with EDOF computed after Bretherton et al. [38] .
Results

Spatial and Temporal Features of IMV in the Pacific
In order to define the IMV index in the Pacific, we first calculate the IMV variance of SST in the Pacific (Figure 1a) . It can be seen that large IMV variances are located in the mid-latitude North Pacific, adjacent waters along the western coast of North America, equatorial eastern Pacific and mid-latitude South Pacific. Figure 1b shows that the variance contribution of IMV to the total SST variability (including the forced variability, the internal interannual variability, and the IMV) reaches more than 30% in the extratropical North and South Pacific, but is only 10% and even less at the equatorial Pacific. Based on the regions of both large IMV variance and large variance contribution of IMV to total variability, two indices are defined in this study: IMV in the North Pacific (NPIMV), defined as the area-averaged IMV of SSTA over Figure 1 ). It is noted that the area at (20 • S-10 • S) to the east of 180 • W meets both criteria, but it is located within the tropics. In the current study, we focus on investigating the IMV in extratropical oceans in the Pacific; therefore, this area is not included in defining the indices. Figure 1b shows that the variance contribution of IMV to the total SST variability (including the forced variability, the internal interannual variability, and the IMV) reaches more than 30% in the extratropical North and South Pacific, but is only 10% and even less at the equatorial Pacific. Based on the regions of both large IMV variance and large variance contribution of IMV to total variability, two indices are defined in this study: IMV in the North Pacific (NPIMV), defined as the area-averaged IMV of SSTA over (150° E-145° W, 25° N-50° N), and IMV in the South Pacific (SPIMV), defined as the area-averaged IMV of SSTA over (160° E-120° W, 20° S-45° S) (rectangular boxes in Figure 1 ). It is noted that the area at (20° S-10° S) to the east of 180 ° W meets both criteria, but it is located within the tropics. In the current study, we focus on investigating the IMV in extratropical oceans in the Pacific; therefore, this area is not included in defining the indices. Power spectrum of (g) the NPIMV index and (h) the SPIMV index are shown. In (g) and (h), the red solid curve is corresponding red noise spectrum and the red dotted curve shows 5% confidence upper limit of the red noise spectrum. The x-axis is period (unit: years) and the y-axis is power. Power spectrum of (g) the NPIMV index and (h) the SPIMV index are shown. In (g) and (h), the red solid curve is corresponding red noise spectrum and the red dotted curve shows 5% confidence upper limit of the red noise spectrum. The x-axis is period (unit: years) and the y-axis is power.
Both indices display obvious multidecadal variations, with a long period of 60-70 years and a short period of 20-30 years. The long period is primary for NPIMV, while the short period is primary and significant for SPIMV. Since two indices are not significantly correlated simultaneously or at lags, with maximum correlation coefficient being 0.3, they are considered to be independent of each other. Therefore, we can investigate the impact of NPIMV and SPIMV separately in the following sections.
As PDO and IPO indices are commonly used to represent the multidecadal variability in the North Pacific and the entire Pacific, it is necessary to compare them with the new indices defined in the study. The spatial patterns of PDO/IPO and NPIMV are similar in the mid-latitude North Pacific, but the negative anomalies over the tropical Pacific are stronger for PDO/IPO than NPIMV, indicative of a stronger extratropical-tropical connection for PDO/IPO (Figure 2 ). This is expected due to the inclusion of the tropical ocean in defining the IPO index. The simultaneous correlation between NPIMV and PDO/IPO is 0.86, exceeding the 95% significance level. In terms of the spatial and temporal characteristics, the NPIMV index is able to represent the IMV in the extratropical North Pacific, with weaker interaction with the tropical ocean compared to the PDO/IPO index. The spatial pattern of PDO/IPO is different from SPIMV, and their temporal correlation is rather small and insignificant (CORR = 0.23). Thus, PDO/IPO cannot reflect the IMV in the extratropical South Pacific. It is of importance to define the SPIMV index to investigate its characteristics and climate impact.
The Impact of NPIMV
The stochastic forcing of the atmosphere is one of the suggested mechanisms to drive the MV of SST in North Pacific [9] . This paper does not discuss mechanisms but focuses on the impact of NPIMV/SPIMV on the atmosphere instead. Although NPIMV plays a role in the air temperature and rainfall in all seasons, it is strongest in boreal winter (DJF). Therefore, the impact of NPIMV on air temperature and rainfall over land in DJF in the Northern hemisphere (NH) is analyzed in this section.
When NPIMV is in a positive phase (Figure 2a) , the near-surface air temperature is colder than climatology over Northern North America and a majority of central and Eastern Siberia, while it is warmer than climatology over the Tibetan Plateau (Figure 3a) . The rainfall is significantly more than average over Northwest and Northeast North America, while it is significantly less than average over Mexico and regions from Northern India to Southwest China (Figure 3b ).
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When NPIMV is in a positive phase (Figure 2a) , the near-surface air temperature is colder than climatology over Northern North America and a majority of central and Eastern Siberia, while it is warmer than climatology over the Tibetan Plateau (Figure 3a) . The rainfall is significantly more than average over Northwest and Northeast North America, while it is significantly less than average over Mexico and regions from Northern India to Southwest China (Figure 3b) . It is noted that the rainfall response to NPIMV resembles the response to La Niña over Southwestern North America [39] , suggesting that the rainfall variability in this area may be attributable to both NPIMV and the SSTA over the tropical Pacific. However, the rainfall response to NPIMV is stronger than the response to La Niña over Northwestern North America, indicative of a larger impact of NPIMV on rainfall at mid-and-high latitudes.
To understand how NPIMV influences the above regions, the responses of the geopotential height and winds at 850 hPa and 500 hPa are diagnosed (Figure 3c,d) . In the positive phase of NPIMV, the geopotential height anomaly is positive over the extratropical North Pacific and Mexico, and negative over Northwest North America, which is analogous to the Pacific-North America teleconnection pattern [40] . The anomalous high pressure and the associated anticyclonic wind over the mid-and-high-latitude North Pacific weaken the climatological Aleutian Low, while the anomalous low pressure and the associated cyclonic wind over Northwest North America weaken the climatological North American High (Figure 3c,e) , which are consistent with previous studies on the impact of PDO [11, 16, 41, 42] . The response of the atmospheric circulation to NPIMV can be explained by the relationship between temperature, pressure, and wind as follows: When the SSTA is positive in the extratropical North Pacific, the atmosphere above gets warmed through sensible heating (and also latent heating), leading to an increase of the depth of air column and positive height anomaly. Meanwhile, the heated atmosphere over the extratropical North Pacific weakens the baroclinicity of the atmosphere by decreasing the meridional gradient of temperature between the tropics and mid-and-high latitudes, and thus the zonal Westerly is weakened along 30 • -40 • N, resulting in Easterly anomaly and anticyclonic circulation (Figure 3c,d) .
Due to the configuration of positive height anomaly over the mid-latitude North Pacific and negative height anomaly over Northwest North America associated with NPIMV, the air temperature over most of Northern North America is reduced by the cold advection of the anomalous Northwesterly between the anomalous high and low. Due to negative height anomaly and anomalous cyclonic circulation over Russia, the air temperature over central and Eastern Siberia is reduced by the cold advection from the Arctic (Figure 3a,c,d ).
The Northwesterly anomaly over North America, which is cold and dry from a high-latitude continent, converges with the climatological warm and moist Southwesterly from low-latitude oceans, leading to enhanced rainfall over Northwest North America. The Southerly anomaly between an anomalous low over the Northwest North America and an anomalous high over the North Atlantic joins with the climatological Northwesterly, resulting in increased rainfall over Northeast North America. In climatology, Mexico lies between two highs without visible winds. A positive NPIMV produces a weak positive height anomaly over Mexico, which is unfavorable to rainfall, leading to less rainfall than average over Mexico. Moreover, the NPIMV-related positive height anomaly over the North Pacific extends Southwestward to Northern India, causing less rainfall over the regions from Northern India to Southwest China (Figure 3b-e) .
Since rainfall from ERA-20C reanalysis is produced with a coupled model by assimilating observations, bias does exist. Therefore, another two sets of centennial-scale rainfall datasets are employed for comparison. Regressions of rainfall in boreal winter from CRU ( Figure 4a ) and GPCC (Figure 4b ) onto the NPIMV index show that there is no obvious distinction of rainfall over the majority of the NH between CRU and GPCC, except over the Western Tibetan Plateau, which might be caused by sparse observation stations in this area. In the positive phase of NPIMV, rainfall increases significantly over the Northwest and Northeast North America and decreases significantly over Mexico and regions from Northern India to Southwest China, which agrees with ERA-20C. However, rainfall from CRU and GPCC are enhanced significantly over the lower reaches of the Yangtze River and regions close to Lake Baikal and reduced significantly over the area to the West of Hudson Bay in Canada, which is inconsistent with ERA-20C.
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The Impact of SPIMV
The amplitude of the SPIMV index varies slightly over the four seasons. This section focuses on the impact of SPIMV on air temperature and rainfall over land in the NH in austral winter (JJA). When SPIMV is in a positive phase (Figure 2b ), the air temperature is significantly warmer than usual over Northern Europe and Northeast North America, while it is remarkably colder than usual over West Siberia (Figure 5a ). The rainfall increases notably over central Russia, while it is reduced over Western and Southeastern Russia (Figure 5b ). It is through teleconnection wave trains that SPIMV influences the air temperature and rainfall in the NH. In the positive phase of SPIMV, a positive height anomaly could be excited locally by the positive SSTA in the mid-latitude South Pacific (Figure 5c ). The local stream function anomaly at 500 hPa is negative, corresponding to anticlockwise wind circulation (Figure 5d ). There is an anomalous wave train propagating Northeastward from the mid-latitude South Pacific to the mid-latitude Northwest Atlantic, with signs alternating from negative to positive to negative to positive (Figure 5d ). The clockwise anomalous surface wind stress over mid-latitude Northwest Atlantic, consistent with that in the lower level, produces an Ekman transport convergence. Therefore, the sea surface height increases, the heat content increases, and SST increases. The increased SST could excite a wave train (or strengthen an existing wave train) propagating Eastward through Northern Europe and West Siberia to Eastern Russia (Figure 5d ), which is similar with the Eurasian teleconnection pattern [40] . 
The amplitude of the SPIMV index varies slightly over the four seasons. This section focuses on the impact of SPIMV on air temperature and rainfall over land in the NH in austral winter (JJA). When SPIMV is in a positive phase (Figure 2b ), the air temperature is significantly warmer than usual over Northern Europe and Northeast North America, while it is remarkably colder than usual over West Siberia (Figure 5a ). The rainfall increases notably over central Russia, while it is reduced over Western and Southeastern Russia (Figure 5b ). It is through teleconnection wave trains that SPIMV influences the air temperature and rainfall in the NH. In the positive phase of SPIMV, a positive height anomaly could be excited locally by the positive SSTA in the mid-latitude South Pacific (Figure 5c ). The local stream function anomaly at 500 hPa is negative, corresponding to anticlockwise wind circulation (Figure 5d ). There is an anomalous wave train propagating Northeastward from the mid-latitude South Pacific to the mid-latitude Northwest Atlantic, with signs alternating from negative to positive to negative to positive (Figure 5d ). The clockwise anomalous surface wind stress over mid-latitude Northwest Atlantic, consistent with that in the lower level, produces an Ekman transport convergence. Therefore, the sea surface height increases, the heat content increases, and SST increases. The increased SST could excite a wave train (or strengthen an existing wave train) propagating Eastward through Northern Europe and West Siberia to Eastern Russia (Figure 5d ), which is similar with the Eurasian teleconnection pattern [40] .
The SPIMV-related near-surface air temperature anomalies over the Eurasian continent are in good correspondence with the height anomalies, that is, positive height anomaly corresponding with anomalous warm temperature and negative height anomaly corresponding with anomalous cold temperature. Northern North America is climatologically located to the Southwest of a low-pressure area, with Northwesterly prevailing. An anomalous high is generated by SPIMV in this region, moving the climatological low Northward, and thus, the air temperature gets warmer than average (Figure 5a,c) .
In Western and Southeastern Russia, positive height anomalies excited by SPIMV (Figure 5c ), along with convergence at the upper level (Figure 5e ), divergence at the lower level, and descending flow (Figure 5f ), result in less rainfall (Figure 5b) . In central Russia, a SPIMV-related negative height anomaly, along with divergence at the upper level, convergence at lower level, and ascending flow, leads to more rainfall.
As in Section 3.2, rainfall from CRU and GPCC are used for comparison as well (Figure 4c,d ). In the positive phase of SPIMV, there is a notable reduction of rainfall over Western Russia and an increase of rainfall over central Russia and Northern India, consistent with ERA-20C. However, rainfall from CRU and GPCC increase remarkably over Southern China and Northern India and decrease significantly over central and Northeast North America, which disagrees with ERA-20C. The SPIMV-related near-surface air temperature anomalies over the Eurasian continent are in good correspondence with the height anomalies, that is, positive height anomaly corresponding with anomalous warm temperature and negative height anomaly corresponding with anomalous cold temperature. Northern North America is climatologically located to the Southwest of a low-pressure area, with Northwesterly prevailing. An anomalous high is generated by SPIMV in this region, moving the climatological low Northward, and thus, the air temperature gets warmer than average (Figures 5a,c) .
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Conclusions and Discussion
Conclusions
The internal multidecadal variability (IMV) refers to the multidecadal variability internally generated in the climate system, which is unrelated to the external forcing. As EOF analysis cannot separate the internal from external variability, the conventional definition of PDO/IPO as the first/second EOF of low-frequency SST in the North Pacific/global ocean makes it inappropriate to represent the Pacific IMV. Therefore, this study employs EEMD to separate the IMV of SST in the observation. Based on the regions of both large IMV variance and the large contribution of IMV variance to total variance, two indices of NPIMV and SPIMV are defined to indicate the IMV of SST in the North and South Pacific, respectively. Both have a 70-year period and a 20-30-year period. For NPIMV/SPIMV, the SSTA is remarkably positive in the index-defined region in the mid-latitude North Pacific/South Pacific, while the SSTA is very weak and insignificant in the mid-latitude South Pacific/North Pacific. NPIMV is not significantly correlated with SPIMV, indicating that they are two independent IMVs. NPIMV and SPIMV cause local height and wind anomalies and then influence the air temperature and rainfall in other regions in the NH by teleconnection wave trains. Positive NPIMV is related to colder air temperature in boreal winter over the Northern North America and the majority of the central and eastern Siberia and warmer air temperature over Tibetan Plateau. Positive NPIMV is also related to more rainfall over Northwest and Northeast North America and less rainfall over Mexico and regions from Northern India to southwest China. Positive SPIMV is associated with colder air temperature in austral winter over West Siberia and warmer air temperature over Northern Europe and Northeast North America. When SPIMV is in a positive phase, the rainfall is enhanced over central Russia and is reduced over Western and Southeastern Russia.
The responses of another two rainfall datasets from CRU and GPCC to NPIMV and SPIMV are consistent with each other in the majority of the NH, but they do not agree in certain regions with the response of rainfall from ERA-20C.
Discussion
The above conclusions are drawn based on observations and re-analysis. It is of importance to further investigate whether the observed spatial structure and the impact of NPIMV and SPIMV could be simulated by coupled models. Here we use the output from the pre-industrial control simulation in a coupled model (EC-ERATH) from the Coupled Model Intercomparison Project Phase 5 (CMIP5), which only has internal variability [43] . Figure 6 displays the spatial pattern of NPIMV and SPIMV and their impact on the air temperature and rainfall in the model. The positive SSTA over the mid-latitude North Pacific for NPIMV and the positive SSTA over the mid-latitude South Pacific for SPIMV are captured in the model, with smaller areas than the observation (Figure 6a,b) . The air temperature response to NPIMV in the model is different from reanalysis over the majority of the land (Figures 3a and 6c) , while the patterns of rainfall response to NPIMV in the model and in reanalysis are similar over North America and dissimilar over the Eurasian continent (Figures 3b and 6e) . Neither the air temperature response nor the rainfall response to SPIMV in the model agrees with the reanalysis in most regions (Figure 5a,b and Figure 6d,f) . Therefore, the EC-ERATH model is able to reproduce the observed spatial patterns of NPIMV and SPIMV to a certain extent, but it cannot simulate their climate impact. This study analyzes diagnostically how NPIMV and SPIMV affect the near-surface air temperature and rainfall over land in the NH using circulation fields, which should also be verified by sensitivity experiments of numerical models. Moreover, we use three types of rainfall datasets from different research centers, yet the results obtained in this study should be treated with caution due to the large uncertainties of rainfall. Lastly, the performance of other CMIP5 models in This study analyzes diagnostically how NPIMV and SPIMV affect the near-surface air temperature and rainfall over land in the NH using circulation fields, which should also be verified by sensitivity experiments of numerical models. Moreover, we use three types of rainfall datasets from different research centers, yet the results obtained in this study should be treated with caution due to the large uncertainties of rainfall. Lastly, the performance of other CMIP5 models in simulating the observed characteristics of NPIMV and SPIMV needs to be examined as well. 
